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Abstract 

We have developed a niobium titanium nitride (NbTiN) based 
superconductor- insulator-superconductor (SIS) receiver to cover the 350 
micron atmospheric window. This frequency band lies entirely above the 
energy gap of niobium (700 GHz), a commonly used SIS superconductor. 
The instrument uses an open structure twin-slot SIS mixer that consists 
of two Nb/AlN/NbTiN tunnel junctions, NbTiN thin-film microstrip 
tuning elements, and a NbTiN ground plane. The optical configuration 
is very similar to the 850 GHz waveguide receiver that was installed at 
the Caltech Submillimeter Observatory (CSO) in 1997. To minimize 
front-end loss, we employed reflecting optics and a cooled beamsplitter 
at 4 K. The instrument has an uncorrected receiver noise temperature of 
205K DSB at 800 GHz and 410K DSB at 900 GHz. The degradation in 
receiver sensitivity with frequency is primarily due to an increase in the 
mixer conversion loss, which is attributed to the mismatch between the 
SIS junction and the twin-slot antenna impedance. The overall system 
performance has been confirmed through its use at the telescope to detect 
a wealth of new spectroscopic lines. 
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I. Introduction 

In 1997 a waveguide receiver [1] covering the 350-micron at- 
mospheric window was deployed at the CSO. It used a novel 1 
nm thick Silicon Nitride membrane which support an all nio- 
bium based Superconductor-Insulator-Superconductor (SIS) 
junction. With an uncorrected receiver sensitivity of 500 K 
DSB at 810 GHz, it was state of the art at that time. The 
performance of this receiver was limited however by a large 
absorption loss in the niobium superconductor films. This loss 
arises because the mixer is operated above the energy gap of 
niobium (690 GHz). In this regime, photons have enough 
energy to break Cooper pairs in the superconductor films re- 
sulting in a large RF loss and poor mixer conversion gain. An 
alternative to the use of niobium superconducting transmis- 
sion lines is the use of normal metals such as gold (Au) or 
Aluminum ( Al) [2] [3] . However, it is required that any metals 
employed will have to be compatible with the SIS fabrication 
process. Even though pure Au and Al conductivity improves 
by a factor of 5-10 when cooled to 4 K, these metals exhibit 
a high loss when compared to an ideal superconductor, such 
as niobium [7]. Above 800 GHz the loss of Au/Al transmis- 
sion lines becomes less than that of niobium (~ 40 % loss per 
wavelength), but even so the use of a higher bandgap energy 
superconductor is much preferred. To minimize loss in front 
of the waveguide mixer, we designed the optics with mirrors 
and beamsplitter cooled to 4K where possible. This scheme 
gave us a total front-end loss of ~ 1.1 dB, and an overall mixer 
conversion gain of - 12.3 dB at 822 GHz. Of the 12.3 dB con- 
version loss, about 4dB was due to the actual mixing process, 
0.4 dB due to the RF mismatch, and the remaining 6.8 dB 
due to the niobium film loss! Clearly much was to be gained 
if the niobium loss could be reduced or even eliminated. And 


so, even as the 850 GHz waveguide receiver was commissioned 
at the telescope in 1997, it had become very clear that im- 
proved mixer sensitivity would result if a higher bandgap (2A) 
superconductor could be found. Fortunately such a develop- 
ment was underway at JPL in order to facilitate SIS receivers 
up to 1200 GHz for both ESA/NASA FIRST[4] satellite mis- 
sion and NASA/SOFIA airborne observatory [5]. At that time 
we reported[6][7] on the first RF test results of NbTiN films 
used in combination with Nb and NbTiN tunnel junctions. 
Three combinations had been tested up to 650 GHz, namely: 

• NbTiN ground plane with Nb wiring and a Nb/Al-O x /Nb 
tunnel junction 

• NbTiN ground plane with Nb wiring and a NbTiN/MgO/ 
NbTiN tunnel junction 

• NbTiN ground plane with Nb wiring and a Nb/Al-N x /NbTiN 
tunnel junction 

The first such combination rendered a receiver noise tem- 
perature of 11 OK at 639 GHz, the second combination resulted 
in a receiver noise temperature of 250K at 638 GHz, and fi- 
nally the Nb/Al-Nx/NbTiN devices yielded a receiver noise 
temperature of 195K at 588 GHz. These heterodyne mea- 
surements, as well as extensive direct detection measurements 
with a Fourier Transform Spectrometer (FTS), indicated the 
NbTiN surface loss to be less than 0.1 Q/square at 600 GHz. 
Even the NbTiN/MgO/NbTiN SIS junction results were the 
best ever recorded and gave credence to the low loss RF prop- 
erties of NbTiN. Though no heterodyne response had been 
measured above the niobium superconducting gap (700 GHz) 
at that time, resonances in the dc IV-curves were observed 
up to 1 THz on certain devices. These as well as many unre- 
ported FTS measurements during the course of 1997 yielded 
valuable information about NbTiN superconducting films and 
AIN barrier properties. Finally by April 1998 we were ready 
for another mask design. 




Fig. 1. NbTiN mask design, April 1998. 


II. Twin-Slot Mixer Mask Design 

Comparative studies of computer simulations and FTS di- 
rect detection laboratory measurements provided us with the 
necessary device properties needed for a new mask design. 
These properties are summarized in Table I. The layout was 
designed to maximize the number of possible combinations of 
Nb, NbTiN, Au, and A1 wire & ground planes with A10 x and 
A1N X tunnel barriers. A1N X being the more compatible bar- 
rier for the NbTiN deposition process[8][9]. The design was 
done for 550 GHz, 650GHz, 850GHz, and 1050 GHz. 

The three features of the design that are worth noting are 
the open-ended microstrip line termination of the slot an- 
tenna, the CPW IF output and dc bias line, and the intro- 
duction of ” long” sub-micron e-beam junctions. First, the tra- 
ditional radial stub terminationfll] was replaced by a much 
lower capacitance A/4 open-ended microstrip line for the pur- 
pose of reducing the capacitive load seen at the IF port of the 
mixer. Second, the IF line was implemented in CPW rather 
than microstrip for the same reason. The driving motivation 
for these changes is the eventual need to increase the interme- 
diate (IF) frequency of the mixer from the present 1-2 GHz 
to 4-8 GHz. This is done in order to better facilitate future 



TABLE I 

Device parameters used in the April 1998 mask design 


Parameter 

Range 

Rn A / Junction 

20 Q-pm 2 

Junction Area 

0.25 n m x 2.6^m 

Wiring Thickness 

250 nm 

Ground Plane Thickness 

300 nm 

NbTiN Properties 

p = 80/xfl-cm 
A = 230 nm 
T c = 15.3 K 

Nb Properties 

p = 5/iOcra 
A = 80 nm 
T c =9.2 K 

Specific Capacitance A1N X 

85 fF//xm 2 

Specific Capacitance A10 x 

85 fF//xm 2 


extragalactic astronomical observations^] [5]. 

The results presented in this paper are with a 1-2 GHz 
IF, however developments are underway to upgrade to a 4- 
8 GHz bandwidth within the next few years. Thirdly, FTS 
data seems to indicate the possible effect of kinetic induc- 
tance, which is a quantum mechanical effect caused by RF 
currents crowding into the SIS junction[10]. The effect of ki- 
netic inductance can be better understood by considering how 
the twin-slot mixer[12][13] tuning circuit works. The twin-slot 
antennas generate a voltage that is 180 degrees out of phase 
due to symmetry. Because of this there is a virtual ground in 
the center of the tuning structure (Fig. 1), and the junction 
capacitance is cleverly tuned out by the shunt inductance of 
the microstrip line connecting the two junctions (E/2). At 
the very high frequencies, the tuning inductor (E/2) becomes 
smaller and smaller and any kinetic inductance presented by 
the SIS junctions becomes proportionally more significant. To 
circumvent this problem, we introduced ’’long” e-beam sub- 
micron junctions in our design. Much effort has gone in mak- 
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Fig. 2. Circuit Simulations of 4 different style SIS junction and tuning 
structure configurations. In all cases the ground plane is NbTiN. 
Design was optimized for 850 GHz. 


ing these devices, and as a consequence the fabrication pro- 
cess at JPL has matured considerably in the last few years. 
The results presented in this paper are produced by ’’long” 
sub- micron Nb/ AlN z /NbTiN hybrid tunnel junctions with a 
NbTiN ground plane and wire layer. 

The details of the fabrication process, the FTS measure- 
ment results, and actual device parameters are described in 
more detail in a recent publication by Kawamura[14] et.al. 
The junctions we used for this work have a critical current 
density of 10 kA/cm 2 and are of reasonably high quality with 
a sub-gap to Rn ratio of ~ 15 (measured at 2 mV). Being a 
hybrid junction, the gap was expected to be at 4 mV (ANb 
+ ANbTiN), however the actual measured gap voltage was 
about 3.2 mV. The most plausible explanation is that the 
NbTiN counter electrode in the vicinity of the barrier is of 
poor quality. The April 1998 mask incorporates a NbTiN 


ground-plane and works with 4 different SIS junction con- 
figurations (Fig. 2); a NbTiN/AlN x /NbTiN tunnel junction 
with a NbTiN wire layer, which is the mixer under discussion 
in this paper; a NbTiN /MgO/NbTiN junction with NbTiN 
wiring; a NbTiN/AlN x /NbTiN junction with an A1 wire layer, 
and a NbTiN/AlN x /NbTiN junction with an Au wire layer. 
The specific capacitance of A10 x and A1N X are very simi- 
lar, ~ 85 fF//rm 2 for a 10kA/cm 2 current density junction. 
The specific capacitance of MgO on the other hand is much 
larger, ~ 145 fF///m 2 for a 10kA/cm 2 current density device. 
The latter junction capacitance is much more difficult to tune 
out, which is evident from Fig. 2. The RF bandwidth of the 
NbTiN/AlN x /NbTiN tunnel junction with NbTiN wire layer 
& ground plane is about 130 GHz, which agrees well with the 
measured heterodyne response presented in Fig. 8. 

III. Cooled Optics 

The noise temperature of a receiver is not only depen- 
dent on the conversion gain of the mixer, but also on loss 
in the front-end optics. In the case of the 850 GHz waveg- 
uide receiver[l] we tried to maximize the optics throughput 
by carefully selecting the IR blocking filters, 300K pressure 
window, and by eliminating the use of plastic lenses. Further- 
more, to minimize the absorption loss contribution from the 
19 n m reflective mylar beam splitter, we decided to combine 
the RF and local oscillator (LO) power on the LHe stage. 
Fig. 3 shows an isometric view of the optics configuration. 
The waveguide mixer shown has been replaced with the twin- 
slot NbTiN SIS mixer under discussion. The infrared and 
atmospheric pressure windows of the cryostat consist of anti- 
reflection coated quartz disks. The twin-slot mixer described 
by Zmuidzinas[ll] [12] et. al. is depicted in Fig. 4. The mixer 
consists of a twin-slot planar feed antenna connected to a pair 
of SIS junctions via a microstrip transmission line (Fig. 1). A 
hyperhemispherical silicon lens and plano-convex teflon lens 
are used to focus the incident radiation onto the antenna. The 




Fig. 3. Isometric view of the cooled optics configuration used in the 850 
GHz waveguide receiver. The cryostat is mounted upside down in 
the Cassegrain focus of the Caltech Submillimeter Observatory. 


silicon lens has a diameter of 12.7 mm (0.500 inches) and has 
a virtual focus « 30 mm behind the planar twin-slot antenna. 

In order to upgrade the niobium based waveguide receiver 
(Fig. 3) with a NbTiN based twin-slot mixer, and at the same 
time utilize as much of the existing hardware as possible, two 
significant changes had to happen. First, the plano-convex 
teflon lens needed to be removed. And secondly, once this 
lens was removed, the virtual focus had to be moved much 
closer to the backside of the hyperhemispherical silicon lens 
because of the now fast (F/2.5) mixer beam. These changes 
in effect called for a complete re-design of the twin-slot mixer 
optics. The reasons for the removal of the plano-convex lens 
in Fig. 4. can be summarized as follows. 

The mixer beam, using reciprocity, has to come to a focus at 
the F/4.48 Cassegrain focus of the telescope which is located 






Fig. 4. Optical Configuration of the twin-slot mixer as described by 
Zmuidzinas et. al. 


near the 77 K dewar window (Fig. 3). Though this is possible 
by means of a thick lens, it would introduce unnecessary ab- 
sorption and reflection loss over the required frequency band- 
width of operation. To complicate matters, the LO injection 
scheme would have to be changed due to physical constraints 
imposed upon by the existing cooled waveguide and telescope 
optics. Both are critical for proper illumination of the tele- 
scope, but are in practice difficult to achieve with a cooled 
plastic lens. In 1993 Filipovic et. al. published a compre- 
hensive paper [15] on the far-field patterns and Gausian cou- 
pling efficiencies for twin-slot antenna placed on hemispherical 
lenses with different radii (R) and extension length (L). In the 
twin-slot mixer[ll]-[13] the L/R ratio was 0.291, which is the 
hyperhemispherical position. This L/R ratio produces a fast 
F/2.5 beam at the e -2 power contour, and hence the need for 
a plano-convex lens to transform the beam to give a smaller 
divergence angle. Given the cooled optics[16] and CSO tele- 
scope constraints, the optimal beam divergence of the NbTiN 
mixer turns out to be F/4.2. This equates to a L/R ratio of 
0.335 and it is this value that has been chosen for the final 
twin-slot NbTiN mixer optics configuration. 

In order to satisfy the need for a reduced virtual focal dis- 
tance, we chose the hemispherical radius to be 3.2 mm (0.125 
inches). This value of R was deemed to be the smallest prac- 
tical size possible, especially when the criticality of the SIS 




Fig. 5. Modified mixer block with a L/R ratio of 0.335 and 6.35 mm 
diameter lens. 

chip alignment to the extended hemispherical lens is consid- 
ered. The maximum theoretical gaussian coupling efficiency 
in the case of L/R = 0.335 turns out to be slightly worse (5%) 
th an with the original L/R= 0.291. This tradeoff was consid- 
ered acceptable in light of the fact that the successful cooled 
optics scheme of the 850 GHz waveguide mixer could now be 
re-implemented for the twin-slot NbTiN mixer. 

IV. Receiver Performance 

Fig. 7 shows the heterodyne response at 800 and 900 GHz as 
measured at the Caltech Submillimeter Observatory (CSO). 
To fully cover the 780-920 GHz atmospheric window two mul- 
tipliers/LO chains are in use, both from RPG Physics[17]. 
The 780 - 845 GHz band is covered with a traditional X2 - 
X3 multiplier, while the 845 to 920 GHz band uses an X2 - 
X2 - X3 multiplication scheme. The first stage is a high ef- 




Fig. 6. Photograph of final optical configuration. 


ficiency tunerless doubler, while the remaining doubler and 
tripler stages employ two tuners each. 

The Y-factor response of the twin-slot NbTiN receiver has 
been included for reference sake. Notice how with increasing 
frequency the width of the photon step decreases. This is 
indeed expected for frequencies above 800 GHz (Agap = 800 
GHz) because the photon step from the negative bias side 
partially cancels the photon step from the positive bias side. 
The optimal bias condition across the entire frequency band 
appears to be at 2.10 mV with a LO pump current of ~ I c /3 
(40 fj,A). I c is defined as the critical current of the junction. 
The measured leakage current in the junction [22] at 2 mV is 
7.4 /cA, which corresponds to an R su b g ap to R-n ratio of 15. 

The frequency response of the newly installed NbTiN twin- 
slot open structure receiver is shown in Fig. 8. The improve- 
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Fig. 7. Receiver and Y-factor response at 800 and 900 GHz. 

ment over the in 1997 installed all-niobium waveguide receiver 
is primarily due to a decrease in the NbTiN wire layer and 
ground plane transmission line loss (~5 dB). Note that the 
front-end optics and IF configurations are identical between 
the two systems. In the text all noise temperatures have been 
calculated using the Callan-Welton formula[18][19]. The re- 
ceiver and mixer properties are summarized in Table II. The 
optics loss is derived from the intersecting line technique, de- 
scribed by Blundell [20], Ke, and Feldman[21] et. al. 

t RF * Gmx i s the total mixer conversion gain which in- 
cludes the loss in the optics in front of the mixer. This quan- 
tity should be compared against the 850 GHz waveguide re- 
sults[l], which equated to -12.3 dB at 822 GHz. 

T m ix in Table II is the single sideband mixer noise temper- 
ature (referred to the input): (T/&, c - T Optics T if) * ( t RF 






Fig. 8. Receiver sensitivity of the all niobium waveguide, and recently 
upgraded twin-slot NbTiN open structure mixers. 


* GfrUx)- T/f is the total IF noise contribution, while Tlna 
is the actual measured noise temperature of the balanced low 
noise amplifier directly following the mixer. Z pumped is ob- 
tained from the LO pumped IV curve in Fig. 7, and is needed 
to take reflection loss in the shot noise calculations into ac- 
count. The IF matching network presents a 90 impedance 
to output of the mixer. 

V. Astronomical Observations 

Among the first observations carried out with the new re- 
ceiver we performed 10” resolution maps of two contiguous 
HDO transitions: Jk q ,A6 = 2i, 2 — * li,i at 848.9619 GHz and 
^ Ka,Kb = 1 1,1 — > Oo,o at 893.6387 GHz (shown in Fig. 9), 
and HCN J = 10 — > 9 at 885.9708 GHz (not shown here) 
towards Orion IRc2. The weather conditions during the ob- 
serving runs (January and March 2000) were excellent and 
provided average zenith transmissions above Mauna Kea as 




TABLE II 

Measured and Calculated Receiver Parameters at 
V sis = 2A0mV 


Parameters 

800 GHz Data 

900 GHz Data 

T/iec (K) DSB 

205 

410 

T Optics (K) 

70 

100 

T if (K) 

22 

41 

tRF * Gffix (dB) 

-7.2 

-9.9 

T Mlx (K) ssb 

43 

55 

hi//k (K) 

38 

43 

T^lna (K) 

4.2 ± 0.3 ( measured) 

4.2 ± 0.3 (measured) 

r beamsplitter ( % ) 

14 

18 

Z pumped (0 ) 

129 

80.5 

Rn («) 

17.8 

17.8 

z if (0) 

90 

90 



0RI0N-IRc2 Observations by J.R. Pardo 
CSO New 800-900 GHz Receiver 

HD0(2 12 ->1 1i1 ) (849 GHz) map 
Jan/24/2000 (r 2efi ~0.035) 

HD0( 1 i i >0 00 ) (894 GHz) 

M ar/ 15/2000 (T 22f) ~0.045) 



Fig. 9. First Detection of HDO(2 i,2 — ► 1 1 , 1 ) and HDO(li,j — * Oo t o) in 
Orion- IRc2. 



high as ~ 38.5% (849 GHz) and ~ 42% (886 GHz). This 
resulted in system temperatures at 849 GHz as low as 1700 
K at the elevation of the source (70 deg) at the beginning of 
the observations on Jan/24/2000. Integration time for each 
point was 3 minutes. The observations show a quite compact 
source for both HDO lines (~45” ). The data are currently be- 
ing modelled using the same LVG model previously used by 
Cernicharo [23] et. al. (1999) for their analysis of the emission 
of H 2 O at 183.31 and 325.15 GHz (this last line observed also 
at the CSO) towards the same source. These two H 2 O lines 
have a maser nature in Orion IRc2, so the newly observed 
(thermal) HDO lines will probably put better constraints on 
the density, temperature and H 2 O abundance estimates of the 
the emitting regions. The results of this analysis will be pub- 
lished later. 


VI. Conclusion 

A 850 GHz niobium titanium nitride (NbTiN) based twin- 
slot SIS mixer has been developed and installed at the Caltech 
Submillimeter Observatory (CSO) on Mauna Kea, Hawaii. 
The open structure mixer replaces an all niobium based waveg- 
uide mixer that was installed as part of a larger receiver sys- 
tem at the observatory in 1997. The ~ 5 dB conversion gain 
improvement of the new NbTiN mixer is attributed to the use 
of a higher energy gap superconducting material. The local 
oscillator (LO) injecting is done at the 4K stage using a set 
of elliptical mirrors and a beam splitter cooled to 4K. The 
optics of the twin- slot mixer have been modified to reduce 
RF front-end loss and to physicaly fit the cooled optics inside 
the existing cryostat. The upgraded receiver has an uncor- 
rected receiver noise temperature of 205K DSB at 800 GHz 
and 410K DSB at 900 GHz. 
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